Recently, we found that vaticanol C (a resveratrol tetramer), which was isolated from stem bark of Dipterocarpaceae, exhibited growth suppression and induction of apoptosis via the loss of mitochondrial membrane potential and consequent caspases activation. The detailed mechanisms are not clearly understood. We decided to attempt to gain further insight into the mechanisms underlying vaticanol C-induced apoptosis in HL-60 cells. Treatment of HL-60 cells with vaticanol C was found to cause a marked decrease in the level of phosphorylated extracellular signal-regulated kinase (ERK) concurrent with inhibited phosphorylation of its upstream kinase mitogen-activates protein kinase kinase (MEK). Moreover, exposure to vaticanol C led to a significant reduction in the level of phosphorylated Akt. Thus, vaticanol C induced inhibition of both ERK and Akt phosphorylation, resulting in reduced phosphorylation of Bad. These results suggest that vaticanol C might induce apoptosis via a mechanism involving activation of Bad through disruption of pro-survival signaling pathways.
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Key words: stilbene; apoptosis; survival Stilbene derivatives are known to be abundantly distributed in the plants belonging to Dipterocarpaceae, Vitaceae, Gnetaceae, Leguminosae, and Cyperaceae as a variety of resveratrol (3, 4 0 ,5-trihydroxy-trans-stilbene) derivatives. Some of their derivatives have also been reported to possess various biological and pharmacological activities such as anti-carcinogenic 1) and antiinflammatory 2) effects. Therefore, stilbene derivatives composed of resveratorol are considered to be useful resources for pharmaceutical agents.
Recently, we found that vaticanol C (a resveratrol tetramer, see Fig. 1 ), which was isolated from stem bark of Dipterocarpaceae, exhibited a potent cytotoxic effect against human cultured cancer cells.
3) Vaticanol C was more potent than resveratrol as reflected in IC 50 , and this growth suppression was due to apoptosis mediated via a loss of mitochondrial membrane potential and consequent caspase activation in human colon cancer cell line SW480 cells, 3) but the detailed mechanisms are not clearly understood. The present study was designed to gain more insight into the mechanisms underlying vaticanol C-induced apoptosis in HL-60 cells. y To whom correspondence should be addressed. Fax: +81-574-67-6627; E-mail: kohguchi@giib.or.jp Abbreviations: ERK, extracellular signal-regulated kinase; MEK, mitogen-activates protein kinase kinase Biosci. Biotechnol. Biochem., 69 (2), [353] [354] [355] [356] 2005 Materials. Vaticanol C was isolated from the stem bark of Vatica rassak as described previously.
1) The protease inhibitor mixture was from Roche. The phosphatase inhibitor cocktail was from Sigma. The WST-1 cell proliferation assay system was from TaKaRa. The antibodies to total-extracellular signal-regulated kinase (ERK)1/2, phospho-ERK1/2, total-mitogen-activates protein kinase kinase (MEK), phospho-MEK, totalAkt, phospho-Akt, total-Bad, and phospho-Bad were from Cell Signaling Technology. The antibodies to BclxL and Bcl-2 were from Santa Cruz Biotechnology. Anti-rabbit and anti-mouse antibodies conjugated with horseradish peroxidase and the chemiluminescence (ECL) kit were obtained from Amersham Pharmacia. The other reagents were of the highest quality available.
Cell culture. HL-60 human leukemia cells were purchased from Riken Cell Bank (Tsukuba, Japan). HL-60 cells were cultured in RPMI-1640 medium supplemented with 10% (v/v) fetal bovine serum, 100 units/ml of penicillin, and 100 mg/ml of streptomycin at 37 C in a humidified, CO 2 -controlled (5%) incubator.
Cell viability assay and morphological study for apoptosis. The viability of cells was measured colorimetrically using a WST-1 cell proliferation assay system according to the manufacture's protocol. For assessment of apoptotic cell death, the cells were stained with Hoechst 33342 (5 mg/ml culture medium) at 37 C for 30 min, washed once, and resuspended in phosphatebuffered saline (PBS), pipetted dropwise onto a glass slide, and observed by fluorescence microscopy using an Olympus microscope (Tokyo, Japan) equipped with an epi-illuminator and appropriate filters. The cells with condensed, and fragmented nuclei stained with Hoechst 33342 were assessed to be apoptotic cells.
Electrophoresis and Western blot analysis. The cells were washed with ice-cold PBS and lysed by incubating at 4 C for 30 min in lysis buffer (10 mM Tris-HCl, pH 7.5, 1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA) containing protease inhibitor and phosphatase inhibitor cocktails. After centrifugation (15;000 Â g for 30 min) and determination of protein concentrations in the supernatants, proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) on polyacrylamide gel. Proteins were transferred electrophoretically onto a PVDF membrane. Blocking was performed in Tris-buffered saline containing 5% skim milk powder and 0.05% Tween-20. Western blot analysis using specific antibodies was performed as described previously. 4) Proteins were detected with enhanced ECL kits and a chemiluminescence detector (LAS-1000, Fuji, Japan).
Results and Discussion
In our previous report, we indicated that the marked suppression of cell growth by vaticanol C is to be attributed to apoptotic cell death. 3) In this study, we used HL-60 cells to study further the molecular mechanism of vaticanol C-induced apoptosis. Cell viability was assessed by WST-1 assay. Figure 2A shows that vaticanol C caused a dose-dependent decrease in cell viability. In the treatment with 10 mM vaticanol C for 24 h, we observed the typical morphological characteristics of apoptosis, such as nuclear condensation and segmentation (Fig. 2B) .
To investigate the mechanism of vaticanol C-induced apoptotic cell death, we examined the effect of vaticanol C on pro-survival signaling. One of the most frequent targets downstream of receptors for growth and survival factors is the ERK signaling pathway. 5) ERK is activated by phosphorylation by MEK, which is activated by Raf-1. The MEK/ERK pathway has been implicated in apoptosis and survival signaling.
6) Therefore we examined the effect of vaticanol C on MEK and ERK phosphorylation. Phosphorylation of MEK1/2 and ERK1/2 was assessed using phospho-specific antibod- ies. As shown in Fig. 3A , levels of phosphorylated MEK and ERK were greatly reduced in the early phase of 10 mM vaticanol C exposure. In addition, the total (nonphosphorylated and phosphorylated) levels of MEK and ERK at longer exposure times were downregulated (Fig. 3A) . No effect on the phosphorylation of MEK or ERK were observed by vaticanol C at a concentration of 2 mM (Fig. 3B) .
On the other hand, JNK and p38 MAPK are known to be implicated in pro-apoptotic signaling. 7) We investigated to determine whether vaticanol C-induced cell death in HL-60 cells was associated with activation of JNK or p38 MAPK. There was no significant stimulation of JNK or p38 MAPK by vaticanol C, suggesting that JNK and p38 MAPK are not mediated in vaticanol Cinduced cell death (data not shown).
The phosphatidylinositol 3-kinase (PI3K) pathway has been found to transduce antiapoptotic signals from a variety of growth and survival factors.
8) The serine/ threonine protein kinase Akt is recognized as one of the main downstream effectors of PI3K that promote cell proliferation and survival. 9) We investigated whether vativanol C influenced Akt phosphorylation in HL-60 cells. As shown in Fig. 4A , exposure of HL-60 cells to 10 mM vaticanol C for 24 or 48 h resulted in marked decreases in Akt phosphorylation. 2 mM vaticanol C had no effect on the phosphorylation of Akt (Fig. 4B) .
ERK and Akt play a crucial role in cell survival by regulating the actions of downstream effectors such as Bad, which is a pro-apoptotic Bcl-2 family protein. 10, 11) The specific residues on phosphorylated Bad in response to survival factors are serine 112 and serine 136. 10, 11) p90
rsk , a downstream target of ERK, is responsible for Bad phosphorylation on serine 112. Akt has also been shown to catalyze phosphorylation of Bad at serine 136. Phosphorylation of Bad at serine 112 and serine 136 creates consensus sites for interaction with 14-3-3 protein, and then phosphorylated Bad binds to 14-3-3 instead of Bcl-xL and Bcl-2 at mitochondria, resulting in the liberation of the anti-apoptotic proteins followed by promotion of cell survival. 10, 11) In this context, we examined phosphorylation of Bad following the vaticanol C treatment using anti-phospho-specific Bad (Ser 112) and Bad (Ser 136) antibodies. Exposure to 10 mM vaticanol C led to a significant reduction in the level of phosphorylated Bad (Fig. 5A and B) . Vaticanol Cinduced inhibition of ERK-and Akt-related signals was coupled with a significant loss of Bad phosphorylation. In contrast, there were no significant changes in the expression levels of Bcl-xL or Bcl-2 protein (Fig. 5A) . These results suggested that the inactivation of ERK and Akt by vaticanol C prevents phosphorylation of Bad on serine 112 and serine 136, resulting in binding of Bad to Bcl-xL and/or Bcl-2, the proapoptotic activity being dominant.
In summary, the present study suggests that vaticanol C-induced apoptosis is associated with inhibition of major survival signaling, such as ERK and Akt, leading to activation of Bad. Although it is likely that vatica- nol C is implicated in these signaling pathways, further investigation is required to discover the precise interaction of vaticanol C with the pro-survival pathways. 
